Abstract Joint gravitational wave (GW) and electromagnetic (EM) observations, as a key research direction in multi-messenger astronomy, will provide deep insight into the astrophysics of a vast range of astronomical phenomena. Uncertainties in the source sky location estimate from gravitational wave observations mean follow-up observatories must scan large portions of the sky for a potential companion signal. A general frame of joint GW-EM observations is presented by a multi-messenger observational triangle. Using a Bayesian approach to multi-messenger astronomy, we investigate the use of galaxy catalogue and host galaxy information to reduce the sky region over which follow-up observatories must scan, as well as study its use for improving the inclination angle estimates for coalescing binary compact objects. We demonstrate our method using a simulated neutron stars inspiral signal injected into simulated Advanced detectors noise and estimate the injected signal sky location and inclination angle using the Gravitational Wave Galaxy Catalogue. In this case study, the top three candidates in rank have 72%, 15% and 8% posterior probability of being the host galaxy, receptively. The standard deviation of cosine inclination angle (0.001) of the neutron stars binary using gravitational wave-galaxy information is much smaller than that (0.02) using only gravitational wave posterior samples.
Introduction
The detection of Gravitational waves (GW) will herald a new era of astronomy, with Advanced LIGO [1] and Advanced Virgo [2] expected to make the first detection of GWs within the next few years. Multi-messenger astronomy involves the joint observation of astrophysical phenomena by a combination of GW, electromagnetic (EM), and astroparticles observatories. Examples of multi-messenger astronomy involving GWs include EM and neutrinos observatories (e.g. [3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13] ). Galaxies, as the hosts of GW and/or EM sources, are examples of common observables in multi-messenger astronomy. For example, searches for GWs in association with gamma-ray bursts (GRB) GRB070201 [14] and GRB051103 [15] have ruled out the possibility that their progenitors are binary neutron stars (NS) sources in Andromeda galaxy (M31) and M81, respectively. The basic assumption of this research is that there are common parameters among observations of GWs, GRBs and their host galaxy: sky location and distance. Besides of these common parameters for GW sources, EM sources and host galaxy, there are physical links between each other depending on the nature of sources. For example, merging NSs or NS-black hole systems and the collapse of supermassive stars, as potential sources of inspiral and burst GW, are thought to be the most likely progenitors for short and long GRBs respectively (e.g. [16, 17, 18, 19] ). Nearby (z <1) long-GRBs are more likely to be observed in irregular galaxies or the outermost regions of spiral disks [20] , which are usually metal poor, while short-GRBs are observed in all types of galaxy (e.g. [21] ). This general picture is summarized by the multi-messenger astronomy observational triangle shown in Fig. 1 .
The broad sky location estimates (> 10 deg 2 , e.g. [22, 23, 24, 25, 26, 27] ) from GW observations is a challenge for joint EM-GW observation. In addition to exploiting common parameters, the link between GWs and galaxies is used to improve the efficiency of searching for an EM counterpart of a GW. With the help of a galaxy catalog, Nuttall and Sutton (2010) [28] proposed a ranking statistic to identify the most likely GW host galaxy based on galaxy distance and luminosity and the sky position error box. The scan area needed by an EM followup team could be reduced to the regions of sky most likely associated with the GW host galaxy. In past searches, blue band luminosity, which is assuming to be the tracer of the star formation rate of a galaxy, is used to estimated the rate of compact binary coalescences (CBC) (e.g. [4, 9, 28] ). Several other properties, such as morphology and metallicity, of galaxies are suggested to have effects on the CBC event rate in a galaxy via stellar population population synthesis studies (e.g. [29, 30, 31] ). Amongst the many existing galaxy catalogues, the Gravitational Wave Galaxy Catalogue (GWGC, [32] ) has been specifically compiled for current follow-up searches of optical counterparts from GW triggers. GWGC is ∼ 100% and ∼ 60% complete out to about 40 and 100 Mpc respectively, estimated by blue band luminosity function (see discussion in [32] ). [33] estimated that an average of ∼ 500 galaxies are located in a typical GW sky location error box for Advanced LIGO-Vigo network (∼ 20 square degrees), up to range of 200 Mpc. The distance limitation of GWGC (or any other galaxy catalogs) comparing with the GW detection horizon leads to a completeness issue for catalog based multi-messenger astronomy studies. An ongoing study by [34] aims to address the completeness issue.
Fan et al. (2014) [35] have proposed a Bayesian approach to multi-messenger astronomy. An example of this approach is the joint research of GW and it's galaxy host with a GW-galaxy relation model (multi-messenger prior function in [35] ). One of merits of this Bayesian approach is that posterior probability of a galaxy hosting the GW source is estimated, as well as it's ranking in host candidates. The probabilities of GW host candidates can be used to guide EM follow-up observations to focus on the particular galaxy with very high posterior probability. When the first few galaxies in the rank have similar posterior probabilities, the absolute rank becomes of less importance since these galaxies should be considered candidates of similar importance. Moreover, better constraints on the distance of a galaxy-GW observations can benefit the inference on the inclination angle of a CBC event. The better inclination angle estimation could help with understanding the nature of EM counterparts. For example, a set of inclination angles, combined with GRB observations, might constrain the beaming factor of GRBs, therefore the dynamics and the energetics of GRB jets and so on (e.g. [36] ).
In this article, we present a case study of the Bayesian approach designed for joint EM and GW observations, in particular, the galaxy catalog (GWGC) and NS-NS coalescence events, with a blue band luminosity based multi-messenger prior function. The aim of this research is to identify the GW source host galaxy (see Sec. 2) and provide better inclination angle estimates (see Sec. 3) .
Identification of gravitational-wave host galaxies
We present a case study of simulated GW signals from NS-NS inspirals injected into simulated noise from the advanced LIGO-Virgo network. The sky location of the injected NS-NS signal is randomly chosen from the locations of galaxies within the GWGC. In Fig. 2 , we plot a 12 square degree region around the sky location where a simulated GW signal was injected. The galaxies in this region of the sky are plotted with grayscale asterisk markers. Bolder markers are galaxies with strong B-band luminosities. The top three galaxy candidates are marked by circles and the top galaxy marked by the largest circle is the injection. It is interesting to note that galaxy marked as D in Fig. 2 , which is within the 1 σ skymap error area, is automatically excluded by the incompatible distance estimate provided by the GW signal analysis. One of merits of this Bayesian approach is that the galaxy candidates are presented by ranking and posterior probability. In this case, the top three candidates in rank have 72%, 15% and 8% posterior probability of being the host galaxy, receptively. Therefore, EM follow-up teams could, with relative confidence, focus only on the top candidate in rank. 
Enhanced inclination angle inference
Once the top ranked galaxies are identified, the distance of the candidates can be used to provide an improved estimate on the inclination angle (ι) of the CBC progenitor. For example, each candidate in the GW signal error region is assigned an estimate of the posterior probability of hosting the GW signal. Only the GW posterior samples within certain distance ranges should have non-zero probability. Galaxies with non-zero probability tend to be at the center of a distance range with 10% of that distance as the radius of that range. Therefore, the GW posterior distribution combined with the probabilities of the galaxy candidates hosting the GW source at certain distances can lead to a better estimation on inclination angle.
In Fig. 3 , for the same simulation shown in Sec. 2, we see that the posterior probability peaks strongly around the correct value of inclination. Furthermore, the inclination angle (ι) posterior distribution is now much narrower given the additional distance information provided by the galaxy candidates. In this example, the standard deviation of cos(ι) (0.001) obtained from joint GW-galaxy information is much smaller than that (0.02) obtained via a GW analysis alone. It is worth noting that the host galaxy for the GW signal does not need to be the top ranked galaxy for and 99% confidence regions on the estimate of the sky location of the signal progenitor obtained using only GW observations. Also plotted are circle markers corresponding to the first (red circle), second (blue circle) and third (black circle) ranked host galaxy candidates, labelled A, B and C respectively, as determined using our Bayesian approach to multi-messenger astronomy. The posterior probability of A, B, C hosting the GW source are 72%, 15% and 8%, respectively. Marker D (green downward-pointing triangle) has a lower probability because of its distance from the GW sky location estimate. Additionally, grayscale asterisk markers are for all galaxies in this sky region, with the shade of the markers corresponding to each galaxies B-band luminosity. The darkest markers are the most luminous in the B-band. The BNS coalescence signal (red square) was injected at a sky location and distance and in this case it corresponds to the top ranking galaxy candidate. The simulated signal has an optimal network SNR 27.89 the inclination angle inference to improve. Even the true host galaxy is not be identified due to a cluster of galaxies within the GW location estimate, the additional distance information provided by all galaxies within the GW location estimate will still reduce the width of the inclination angle posterior. to posterior probability of host galaxy, and plotted are circle markers corresponding to the first (red), second (blue) and third (black) ranked host galaxy candidates, labelled A, B and C respectively, as determined using our Bayesian approach to multi-messenger astronomy. Top-right and bottom-left panels correspond to probability density function of distance and cos(ι) estimated by Kernel smoothing function estimate, receptively. Blue lines and red dished lines correspond to the probability density function using only GW posterior samples and GW-galaxy information, receptively. Injection value of distance and cos(ι) are shown in red lines. Using GW-galaxy information, the standard deviation of cos(ι) (0.001) is much smaller than that (0.02) using only GW posterior samples. The simulated signal is the same one used in Fig 2. 
Conclusions
The implication of a Bayesian approach to multi-messenger astronomy is presented using a NS-NS inspiral GW signal injected into simulated advanced detectors noise assuming sky and distance information drawn from the GWGC. A merit of this approach is that both the rank and the posterior probability of a galaxy hosting the GW source are estimated with the help of a GW-galaxy relation model (blue band luminosity based multi-messenger prior function in this case study). With this information, EM follow-up observation could focus on the first galaxy in the rank with a very high probability. Once the host galaxy is identified, the additional distance information could benefit the inference of the inclination angle of CBC, shown in our example as the reduction of the variance in the estimation on inclination angle. In this case study, the posterior probabilities of the top three candidates being the host galaxy in rank are 72%, 15% and 8%, receptively. The standard deviation of cosine inclination angle (0.001) using GW-galaxy information is much smaller than that (0.02) using only GW posterior samples. The results reported in this research depend on various selection effects, such as the dependence of the EM data on the common parameter set (λ ) (e.g. multi-messenger prior function, see discussion in [35] ), the completeness of the EM data. The limited range of the GWGC with respect to the expect range for Advanced detectors highlights the need to take into account selection effects introduced by the catalogue and elsewhere. We will address the completeness issue in next work [34] .
